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Introduction
Cell mechanics play a crucial role in many cellular functions that are critical during development or are altered during pathologies such as cancers. For instance, cell migration, cell adhesion and cell division have all been shown to depend on cell mechanics (1) (2) (3) (4) (5) . Most studies have focused on the mechanical crosstalk between the cell and its microenvironment at the whole cell or the tissue level. It has been shown recently that intracellular mechanics could also be used to differentiate cancer cells from normal cells (6) (7) (8) (9) . Several intracellular elements participate in the mechanical response of the cytoplasm and most of them may be modified during cancer progression. The three types of fibers constituting the cytoskeleton, actin, microtubules and intermediate filaments, clearly contribute to cell mechanics (10) (11) (12) (13) .
The role of internal membranes, molecular crowding or active force generators in the cytoplasm is less documented but could also be significant. During cancer development, signaling associated to the cytoskeleton as well as membrane trafficking, cell polarity and intracellular organization are deregulated (14) (15) (16) , supporting the idea that the mechanics of the interior of cancer cells could differ from that of normal cells.
Passive or active microrheology techniques have been developed to measure intracellular mechanical properties, mostly based on the tracking of endogenous granules or internalized particles (17) (18) (19) (20) (21) (22) . The experimental results are generally analyzed using two main classes of models, viscoelastic models with a finite number of viscous (dashpots) and elastic (springs) elements and power-law models (see (23) (24) (25) (26) for reviews). An increasing amount of experimental evidence point to weak power-law rheology as a common feature of cell mechanical responses (8, (27) (28) (29) (30) (31) (32) . Previous experiments and associated modelling have aimed at measuring intracellular mechanical parameters averaged over the whole cell interior. However, the cell interior is an extremely heterogeneous medium characterized by length scales varying on several orders of magnitude from the nanometer scale to the micrometer scale.
As a consequence, the intracellular viscoelasticity strongly depends on the position probed within the cell cytoplasm (33-35). The spatial variations of intracellular mechanics are hidden when only cell-averaged parameters are measured while they clearly contain relevant information regarding the internal organization of the cell. In the context of cancer progression, it could thus be crucial to measure not only the averaged intracellular mechanical properties but also their spatial variations.
We have developed an experimental approach to map in a controlled manner, for the first time to our knowledge, the position-dependent rheological properties of the cell interior by combining optical tweezers-based active microrheology (36) with soft lithography micropatterning. Recently experiments with atomic force microscopy (AFM) (34) and AFM or magnetic twisting cytometry combined with micropatterning (37, 38) have been performed but did not discriminate between the mechanical contribution of the prestressed cell cortex and that of the cell interior. In contrast, our approach isolates the contribution of the cell interior. Plating cells on polarized crossbow-shaped adhesive micropatterns allows us to standardize the intracellular organization and reduce cell-to-cell variability (39, 40) and to quantify the spatial variations of the mechanical properties. Using power-law rheology, we analyze the relaxation of internalized microspheres following an imposed displacement in an optical trap and measure 4 the local intracellular complex shear modulus G. The real part of G, the storage modulus G', is related to the elasticity of the bead microenvironment, while the imaginary part of G, the loss modulus G'', is related to its viscous-like behavior. We also use the more classical standard linear liquid (SLL) viscoelastic model (19, 41) to analyze the relaxation experiments in terms of viscoelastic components and compare the results with our power-law based model. The resulting maps characterize the spatial variations of the intracellular complex shear modulus and allow us to compare its distribution upon treatments with various drugs or inhibitors. We first map the shear modulus in retinal pigment epithelial (RPE1) cells and quantify the contribution to intracellular mechanics of the actin and microtubule cytoskeletons, ATP-dependent active processes and internal membranes. We further show that breast metastatic cells can be clearly distinguished from non-tumorigenic cells based on the spatial distribution of their mechanical properties.
Results

Microrheological measurements combined with micropatterning to map intracellular mechanics
Cells plated on adhesive micropatterned substrates are known to exhibit a standardized shape and intracellular organization (40). We took advantage of this property to map intracellular mechanics in cells plated on crossbow-shaped micropatterns (Fig. 1A) . Optical tweezers-based microrheology was used to measure intracellular mechanics. Beads were first incubated with cells so that typically one or two beads were internalized by endocytosis and transported to various locations in the cell cytoplasm. After plating and full spreading of the cells on the micropatterns, a step stress was applied to an optically trapped bead by displacing the microscope stage (Fig. 1B) . The viscoelastic relaxation of the bead towards the trap center was followed by tracking the position of the bead with time. The initial position of the bead relative to the crossbow micropattern was recorded. This procedure was repeated for a large number of cells in order to sample a maximal area on the micropattern and build the spatial maps (see Materials and
Methods and Figs. 1C and S1).
In order to test the robustness of our mechanical maps, the relaxation experiments were analyzed by three independent methods: i) a phenomenological and model-independent approach, ii) a standard viscoelastic model, and iii) a specific analysis based on power law rheology. First we used a phenomenological and model-independent approach as described in (36). Qualitatively, in a rigid microenvironment, the initial bead displacement is large and its relaxation is weak. We measured two parameters to characterize the local intracellular rigidity of the bead microenvironment, the initial bead displacement (X b ) following the step displacement of the microscope stage (X s =0.5 µm) and the rigidity index (RI) defined as the ratio between the bead displacement (x b (t)) and the stage displacement integrated along the bead relaxation curve = ∫ ( ) 0 (Fig. S2A) . The value of the bead step amplitude X b is always smaller than X s and the value of the rigidity index RI falls between 0 and 1. A rigid microenvironment is characterized by X b ≲ X s and RI≃1, while a soft microenvironment is characterized by 5 X b ≪ X s and RI≃0. Although the two measured parameters do not directly relate to usual rheological parameters, they allow to compare the intracellular rigidity in various cellular contexts in a modelindependent manner (36).
Second, we considered a simple three elements viscoelastic analytical model (19) composed of a Kelvin-Voigt body (a dashpot and a spring in parallel) and a dashpot in series, known as the standard linear liquid (SLL) model (Fig. S2B and Supplementary Materials and Methods). The relaxation curve of the bead towards the trap center was fitted using this model to determine the local spring constant  and dashpot viscosity  of the bead microenvironment ( Fig. S3 and Supplementary Materials and Methods) in the reference frame of the micropattern.
Third, and most importantly, we developed a theoretical framework based on power-law rheology.
We first calculated the Laplace transform ̃( ) of the bead displacement x b (t) as in (42). We found (see , we then used inverse Laplace transforms and gamma functions to obtain the bead displacement:
. We used this equation, that we term power-law (PL) model in the following, to fit the relaxation of the bead position ( ) as a function of time and measure the prefactor A and the exponent . The complex shear modulus G= G'+i G'' was then deduced from A and  (see Materials and Methods). The models described above both assume a linear mechanical response of the system. Therefore we checked that the experiments were performed in a linear regime by varying the step size linearly around = 0.5 µ . We found that the bead step amplitude X b increased linearly while none of the mechanical parameters derived from either the SLL model or the power law model significantly differed (Fig. S2 C-E).
We first applied our active microrheology technique to map the complex shear modulus in retinal pigment epithelial (RPE1) cells. When RPE1 cells are plated on crossbow-shaped micropatterns, they adopt a polarized intracellular organization, with the microtubule organizing center and the Golgi apparatus positioned in front of the nucleus which is found on average in the center of the micropattern ( A striking feature of the relaxation curves is that they strongly depend on the bead position in the reference frame of the micropattern (Fig. 1D ). Both the amplitude of the bead displacement and the dynamics of the relaxation varied with the bead position. To visualize these variations, we generated maps of the storage modulus G', of the loss modulus G'', and of the shear modulus G 0 defined as the 0 = | | = | ′ + ′′| obtained using the PL model (Fig. 1E) . Although the three maps exhibited strong spatial fluctuations, they clearly showed that the values of the three parameters decrease from the cell center towards the cell periphery. Furthermore, the spatial distribution of shear modulus is polarized along 6 the polarity axis of the crossbow-shaped micropattern (Fig. 1F) , with moduli increasing along the cell rearto-front axis. This is consistent with the distribution of intracellular organelles and cytoskeletal elements reported previously in the same cell type (40, 43). We also note a slight left/right asymmetry in the distribution of the shear modulus (Figs. 1E-F) . The map of the ratio G' /G'' (Fig. 1E) shows that elasticity contributes more to cell rigidity than viscosity in agreement with previous results (8, 17, 18, 28) and that the contribution of elasticity relative to viscosity increases towards the cell periphery. The results of the PL model were confirmed by generating maps of the mechanical parameters obtained with the modelindependent approach and the SLL model: the rigidity index RI, the bead step amplitude X b , the spring constant  and the viscosity  (Fig. S3) . Finally, to validate the use of micropatterns, we show that the local values of the rigidity index are less dispersed in cells plated on crossbow-shaped micropatterns than in non-patterned cells (Fig. S3G) .
Role of the actin and microtubule cytoskeletons in the spatial distribution of intracellular viscoelasticity
The cytoskeleton maintains cell architecture, generates forces and contractility and plays an active role in many cellular processes such as cell division or cell migration. Actin and microtubules have been shown to contribute to intra and extracellular mechanics (11, 39, (44) (45) (46) (47) . To determine the contribution of the cytoskeletal networks to the local intracellular viscoelastic properties, we have focused on actin and microtubules and used drug treatments that affect their dynamics (Fig. S4 ).
When microtubules were depolymerized with nocodazole, the intracellular shear modulus slightly but significantly decreased compared to non-treated cells. Both the storage and the loss moduli decreased. In contrast, microtubule stabilization by taxol induced a strong increase in the shear modulus ( Fig. 2A,B) . To investigate the role of actin dynamics, we used two drugs that disrupt microfilament organization with different mechanisms of action, latrunculin A (LatA) which forms 1:1 complexes with monomeric G-actin and cytochalasin D (CytoD) which caps growing ends of microfilaments and disrupts actin organization by increasing the number of actin filament ends and forming aggregates of dense filamentous actin (48). In contrast with microtubules, we did not try stabilizing the actin cytoskeleton because jasplakinolide, the drug classically used to stabilize actin, blocks actin dynamics by disrupting microfilaments and inducing polymerization of monomeric actin into amorphous aggregates and its effects on intracellular mechanics are difficult to interpret (36). While LatA decreased the shear modulus through a strong decrease in both storage and loss moduli, as expected from previous reports (44, 46, 47), CytoD had no significant effect ( Fig. 2A,B) . Similar results were obtained with the two model-independent parameters, rigidity index and bead step amplitude, or with the spring constant and viscosity derived from the SLL model (Fig. S5A) . To investigate further the differences between the effects of LatA and CytoD on intracellular mechanics, we have measured the diffusion coefficient of beads trapped by the optical tweezers in the presence or absence of LatA or CytoD (Fig. 2C) . Consistently with the viscoelastic relaxation experiments, we found that beads diffused faster in cells treated with LatA while they diffused slightly slower in the presence of CytoD than in control cells.
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We next built the spatial maps of the shear modulus (Fig. 3A) and the storage and loss moduli (Fig. S6) , as well as the maps of the rigidity index and the bead step amplitude (Fig. S5B ) and of the spring constant and viscosity of the SLL model (Fig. S5C ). In the presence of the drugs, the maps showed a less regular pattern with more secondary maxima at the periphery of the micropattern. That all drug treatments induced mechanical spatial heterogeneities was further indicated by the shorter autocorrelation length of the drug-treated maps of the rigidity index compared to the control map (Fig. S5D ).
Because our mapping method uses the center of the micropattern as a reference frame, we also asked how the intracellular rigidity spatially distributes relative to the nucleus. We plotted the variations of the shear modulus as a function of the distance separating the bead and the nuclear envelope (Fig. 3B, see Materials and Methods). In agreement with previous results showing that on average the nucleus is located in the center of the micropattern (40) and consistent with the maps shown in Fig. 1E , we found that the shear modulus decreases with the distance to the nucleus in control conditions (Fig. 3B, left panel) yielding a negative shear modulus gradient (Fig. 3C ). Both microtubule depolymerization by nocodazole and stabilization by taxol increased the shear modulus in close proximity to the nucleus, intensifying the negative gradient (Fig. 3B,C) . In contrast, destabilizing actin with LatA induced a decrease in the shear modulus in the perinuclear region, which abolished the gradient. In the presence of CytoD, the shear modulus was more heterogeneously distributed between 2 µm and 6 µm from the nucleus, yielding a positive shear modulus gradient (Fig. 3B,C) . As in the control situation, the G'/G'' ratio was greater than 1 for all tested perturbations of the actin or microtubule cytoskeleton, indicating that elastic storage contributes more to the shear modulus than viscous loss. However their relative contribution changed depending on the drug treatment as shown by the variations of the G'/G'' ratio ( 
Impact of intracellular membranes
Surprisingly, the contribution of intracellular membranes to cell mechanics has never been quantified to our knowledge. We have used brefeldin A (BFA), an inhibitor of the Arf1 exchange factor GBF1, to investigate the mechanical role of intracellular membranes. By blocking COPI-dependent membrane trafficking, BFA disperses Golgi membranes which first form long tubules before being absorbed in the endoplasmic reticulum (49). BFA was also shown to induce membrane tubulation of endosomes and lysosomes (50). The effect of BFA is reversible and when BFA is washed-out the Golgi apparatus reassembles.
We first asked whether perturbing intracellular membranes using BFA could affect viscoelasticity of the cytoplasm. The live Golgi lipid marker BodipyTR-ceramide was used to visualize Golgi membranes.
We found that BFA had minor effects on the relaxation curves (Fig. 4A) . The bead displacement was shifted to larger values, indicating a small increase in intracellular rigidity. Accordingly, the shear modulus deduced from the PL model slightly but significantly increased (Fig. 4B) . The mechanical parameters deduced from the model-independent approach (Fig. S7A ) or the SLL model (Fig. S7B) all increased but the only statistically significant effect we measured was an increase in viscosity. After wash-out and recovery, the values decreased back to levels close to the control. Similarly, BFA did not induce any major difference on the spatial maps ( Fig. 4C and Fig. S7C-E) except for an increase in G 0 3-6 µm away from the nucleus leading to an increase in the shear modulus gradient (Fig. 4D) . These results point to a small but significant contribution of internal membranes to intracellular mechanics.
Energy depletion stiffens the cell cytoplasm
Several energy-dependent cellular processes, including cytoskeletal dynamics and molecular motor activity, can affect intracellular mechanics. It was shown recently using force spectrum microscopy that non-equilibrium ATP-driven fluctuating forces dominate thermal forces on time-scales greater than one second and enhance the movement of intracellular particles (8) . We have used ATP depletion to study the effects of active forces on intracellular viscoelasticity with our microrheology technique. The viscoelastic relaxation was much slower after ATP depletion (Fig. 5A ) indicating a stiffening of the cytoplasm. Consistently, the shear modulus was significantly higher in ATP depleted cells, mostly due to an increase in the storage modulus G' (Fig. 5B) . The model-independent rigidity index and bead step amplitude ( Fig. S8A ) and the spring constant and viscosity from the SLL model experienced a similar increase (Fig. S8B) . No significant changes in the microtubule and actin organization were observed upon ATP depletion (Fig. S8E) suggesting that the effects on intracellular rigidity were not indirectly due to effects on the cytoskeleton. Spatial mapping evidenced a striking increase in the shear modulus at the center of the micropattern due to ATP depletion ( Fig. 5C and Fig. S8C ) that yielded a sharper shear modulus gradient than in control cells (Fig. 5D ). Accordingly we also detected an increase in the perinuclear region of the four other mechanical parameters we measured (Fig. S8D) . These results show that active ATP-dependent forces soften the cell interior, especially at the cell center.
Spatially resolved microrheology to differentiate normal and cancer cells
Several recent reports indicate that the cytoplasm of metastatic cells is softer than the cytoplasm of nontumorigenic cells (6, 8, 9, 12, 51) . We have used our technique to differentiate between non-tumorigenic breast cells (MCF-10A) and highly metastatic breast cancer cells (MDA-MB-231). Averaged data showed that the shear modulus (Fig. 6A,B ) and all the other measured mechanical parameters (Fig. S9A,B) were significantly lower in the case of metastatic cells, with up to a three-fold decrease depending on the parameter. The spatial maps obtained from metastatic cells further showed a global reduction in the shear modulus (Fig. 6C ) and the other parameters ( also (9)). The spatial maps also exhibited a similar smoother spatial distribution than in non-tumorigenic cells (Figs. 6C and S9C,D). Accordingly, the auto-correlation lengths of the spring constant and the viscosity form the SLL model were larger in metastatic cells (Fig. S9E) . Measurements of the G'/G'' ratio and cross-correlation of the rigidity map with the spring constant and viscosity maps showed that the relative contribution of elasticity decreases in metastatic cells (Fig. S9F) . Finally, in the reference frame of the nucleus, the shear modulus was always smaller in metastatic cells, but the difference was more pronounced towards the cell periphery due to opposite shear modulus gradients (Fig. 6D ). These results suggest that, while cancer progression decreases both elastic storage and viscous loss, the balance shifts towards viscosity and the spatial distribution of the mechanical parameters gets more uniform.
We next asked whether the differences in intracellular mechanics between non-tumorigenic and metastatic cells could correlate with the spatial organization of the actin and/or microtubule cytoskeletons.
In MCF-10A non-tumorigenic cells, a higher microtubule density was observed in the cell center in a perinuclear area and actin stress fibers were visible throughout the cell cytoplasm. In contrast, in MDA-MB-231 metastatic cells, the microtubule cytoskeleton appeared more uniformly spread and less dense and microfilaments mostly localized at the cell periphery ( 
Discussion
We have developed an approach to map the spatial distribution of the intracellular mechanical properties of the cytoplasm of living cells. Our technique allows to measure cell-averaged parameters that can be compared with those obtained with more classical approaches, but also reveals the spatial variations of intracellular mechanics. Previous work has either studied local mechanics without controlling the cell geometry and thus with large cell-to-cell variability (22, 33, 34) or measured regional rigidity variations of the cell surface in controlled geometries using atomic force microscopy or magnetic twisting cytometry (28, 37, 38) . Central to our method is the use of adhesive micropatterns to standardize the intracellular organization. By combining micropatterning with optical tweezers active microrheology, we are able to spatially resolve the local mechanical properties of the cell interior. As expected, plating cells on micropatterns decreases the variability in the local rigidity measurements ( to the Golgi apparatus (36) due to the actin cytoskeleton. In good agreement, we find here that actin depolymerization by LatA induces a local decrease in the shear modulus 1-2 µm away from the nucleus (Fig. 3) . Surprisingly, dispersing Golgi membranes with BFA had only a weak effect at the center (Fig. 4) ,
suggesting that Golgi associated actin may remain present on BFA-insensitive Golgi remnants or Golgi matrix components (55, 56). BFA most significant effect was to increase the shear modulus, and especially viscous loss, closer to the cell periphery, about 3-6 µm away from the nucleus (Fig. 4C,D and   S7 ). This may be due to endosome tubulation as reported upon treatment with BFA (50).
Interestingly, we note that the mechanical maps of non-treated RPE1 cells (Fig. 1E ) and the distribution of the shear modulus (Fig. 1F) are not strictly symmetric with respect to the polarity axis of the crossbow micropattern. The averaged images of actin, microtubules and vimentin intermediate filaments (Figs. S4 and S10B) show that the cytoskeleton too lacks perfect symmetry. Similarly, when we examined the position of the nucleus carefully, we found that on average the nucleus position is slightly shifted 11 towards the upper right quadrant of the micropattern (Fig. S1B) . This left/right asymmetry may be related to an intrinsic actin-driven chirality reported recently in micropatterned cells (57).
To further take advantage of the spatial information provided by our mapping technique, we have used image correlation tools to quantify the spatial variations of the maps and the spatial differences between maps. This approach is relevant because each data point in the map actually probes a relatively large volume in the cytoplasm, since the 2 µm diameter bead is displaced by 0. we tested. Since no obvious effect of nocodazole on the actin cytoskeleton was observed (Fig. S4 ), the increase in perinuclear rigidity may be attributed to intermediate filaments which are known to contribute to cell rigidity (for a recent review see (58)) and to accumulate around the nucleus when microtubules are depolymerized (59, 60). In contrast, when microtubules are stabilized, the rigidity level increases, especially towards the pattern periphery, probably due to the presence of stable microtubule plus-ends at the cell periphery. Similarly, the local contribution of actin in intracellular rheology can be investigated in details using our method, as best illustrated by the differences we observed between the effects of two actin destabilizing drugs, LatA and CytoD. Although actin destabilization is mostly thought to soften the cell interior, its precise effect on intracellular mechanics is still not clear (44) and probably depends on the cell type (61) . Surprisingly, while in LatA treated cells the shear modulus dropped and bead diffusion was facilitated, we did not detect any effect upon treatment with CytoD (Fig. 2) . Moreover, the two drugs had contrasting effects on the spatial distribution of the shear modulus. Maps of LatA treated cells were smoother, with a longer auto-correlation length and a very low shear modulus gradient (Figs. 3 and S5 ).
These differences probably reflect the differences in the action mechanisms of these two drugs (46, 48).
A crosstalk between actin, microtubules and intermediate filaments could also be involved since actin destabilization affects the distribution of both microtubules (LatA in Fig. S4 ) and intermediate filaments in the perinuclear region (59, 62).
There has recently been a growing interest in the role of active cellular forces, such as forces generated by cytoskeletal dynamics, molecular motors or acto-myosin contractility, in intracellular mechanics and conflicting results have been reported (8, 41, 44, (63) (64) (65) . Here we measure an unambiguous stiffening of the cytoplasm of RPE1 cells upon energy depletion, reflected by an elevated shear modulus localized at the cell center up to 5 µm away from the nucleus (Figs. 5 and S8). A likely explanation is that energy depletion inhibits cytoskeletal dynamic remodeling resulting in more crosslinked networks (63) .
Finally, our method allows to clearly differentiate cancer cells from normal cells, based not only on their averaged intracellular mechanical properties, but also on the spatial distribution of their intracellular mechanical parameters. As previously reported for several types of cancers (6-9, 12, 51), the cytoplasm of metastatic breast cancer cells is softer than their non-tumorigenic counterparts. Our method, in contrast with previous studies, yields highly statistically significant decreases in both elasticity and viscosity (Fig. 6) . The additional information provided by the spatial mapping on adhesive micropatterns further shows that maps of metastatic cells are smoother, more auto-correlated and comparatively more dominated by viscous loss than non-tumorigenic ones. The organization of both actin and microtubule cytoskeletons differs markedly in both cell types, which could at least in part explain the differences in intracellular mechanics (Fig. S9H) . In cancer cells, microtubules appear more homogeneously distributed and less bundled and actin fibers are less abundant in the cell center and accumulate at the cell periphery (Figs. 6 and S9). Extrapolating our results on the mechanical effects of energy depletion, softening of cancer cells could also originate from a higher out-of-equilibrium activity. Our study emphasizes the need for spatial information in intracellular mechanics. Standardizing cell shape by micropatterning is a key aspect of our work. Because intracellular mechanical maps can detect subtle differences in the spatial distribution of mechanical parameters even in the absence of any change in their average values, our approach should provide insights into cancer cell mechanics.
Materials and Methods
Cell culture, micropatterning and reagents
Retinal pigment epithelial (RPE-1) cells were grown in DMEM/F12 medium supplemented with 10% fetal bovine serum (FBS) at 37ºC with 5% CO 2 . MCF-10A mammary epithelial cells were grown in DMEM/F12 medium supplemented with 5% horse serum, 20 ng/ml EGF, 100 ng/ml cholera toxin, and 10 µg/ml insulin. MDA-MB-231 metastatic breast cancer cells were grown in DMEM supplemented with 10% 
Optical tweezers based intracellular microrheology, image acquisition and data processing
The set-up combining optical tweezers and fast confocal microscopy was described in details Images of fixed cells were acquired as z-stacks separated by 0.5 µm in the galvanometric mode of the confocal scanner with an 8 frames averaging using the NIS Nikon software. For single cell images, the z-stack was projected as a maximum intensity projection using Image J. For averaged cell images, zstacks were projected as average intensity projections using Image J then automatically aligned and averaged with a custom-written Image J macro. The averaged images are displayed using a fire look up table scaled between the minimum and the maximum intensity levels to highlight intensity variations.
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Power law model
The relationships between the stress  and the strain  exerted on the bead microenvironment define the relaxation function G(t) and the creep function J(t) of the cytoplasm. If the initial strain is zero, then:
In the case of our optical tweezers relaxation experiment the stress is given by ( ) = 4 2 and the strain is ( ) = is the gamma function. Using the inverse Laplace transform and the following properties:
) and (1 + )Γ(1 + ) = Γ(2 + ), we obtain the bead displacement from Eq. 2:
] (Eq. 3).
We use the first four terms of Eq. 3, that we term power-law (PL) model, to fit the first ten seconds of the relaxation of the bead position ( ) as a function of time knowing = 0.5 µ and = 30 ms .The prefactor A and the exponent  are the only two fit parameters. Because at longer times bead tracking is more noisy due to intracellular dynamics even when cells are plated on micropatterns (57), the data was fitted using the following weights: 0.9, 0.09 and 0.01 for 0<t<2s, 2<t<5s and 5<t<10s respectively).
The complex shear modulus G=G'+iG'' is then deduced from A and  as in (42) using
Spatial mapping
To generate the spatial maps, the two model-independent parameters (the rigidity index (RI) and the bead step amplitude (X b )), the spring constant  and the viscosity  deduced from the fits with the SLL model and the complex shear modulus (its value G 0 , its real part G' and its imaginary part G'') deduced from the fits with the PL model were measured at different bead locations within the cell. For each cell, one or two beads were used. A bright field image (differential interference contrast, DIC) and a confocal fluorescence image were taken simultaneously to visualize the crossbow micropattern labelled with Alexa546-fibrinogen, the fluorescent bead and the nucleus. From these images, the X-Y position of the bead relative to center of the micropattern was measured. The distance between the bead and the nucleus was 
Statistical analysis
Results are representative of at least three independent experiments. Data are expressed as means ± standard error of the mean. Statistical relevance was evaluated using Student's t-tests and the P value is indicated (n.s, nonsignificant; *P < 0.01, **P < 0.001, and ***P < 0.0001, except when indicated). 
Supplementary Materials and Methods
Standard linear liquid (SLL) model
The microenvironment of the bead was described by a three-element viscoelastic model composed of a Kelvin-Voigt body (a spring of spring constant  and a dashpot of viscosity  in parallel) and a dashpot of viscosity  0 in series (Fig. S2b) . The forces acting on the bead after the step displacement of the stage X s are due to the viscoelastic response of the microenvironment and to the optical trap that acts as a spring of stiffness k trap . The trap stiffness was calibrated using Stokes law in water and was 214.4±2.7 pN.µm.W -
1
. Neglecting inertia in Newton's law yields the following equation verified by ( ) :
where R=1 µm is the bead radius and x 1 is the position of the junction between the Kelvin-Voigt body and the dashpot in series relative to the trap center. Stress continuity between the Kelvin-Voigt body and the dashpot in series imposes:
where x s is the position of the stage relative to the trap center. Taking ( ) = = for > 0 to model the stage step displacement, we find:
Combining equations (1) and (2) 
Correlation analysis
Contour maps were first converted to grey level images. Auto-correlation and cross-correlation were performed using a custom written Matlab routine based on the corr2 and xcorr2 functions available from the Signal Processing Toolbox™. The auto-correlation length of a given map A was defined as the width 2 of the best Gaussian fit to the auto-correlation image obtained by cross-correlating A with itself. Crosscorrelation between two maps A and B was defined as the normalized ratio
, 
Mean squared displacement analysis
Beads diffusing in the optical trap were tracked using single particle tracking. 
Supplementary figure legends
Figure S1 
Figure S8
Energy depletion stiffens the cell interior and perturbs the spatial distribution of intracellular viscoelasticity. 
